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ABSTRACT
The color distributions of globular clusters (GCs) in individual early-type galaxies show great di-
versity in their morphology. Based on the conventional “linear” relationship between the colors and
metallicities of GCs, the GC metallicity distributions inferred from colors and in turn their formation
histories, should be as diverse as they appear. In contrast, here we show that an alternative scenario
rooted in the “nonlinear” nature of the metallicity-to-color transformation points to a simpler and
more coherent picture. Our simulations of the color distributions for ∼ 80 GC systems in early-type
galaxies from the ACS Virgo and Fornax Cluster Surveys suggest that the majority (∼ 70 %) of early-
type galaxies have old (∼ 13 Gyr) and coeval GCs. Their variety in the color distribution morphology
stems mainly from one parameter, the mean metallicity of a GC system. Furthermore, the color
distributions of the remaining (∼ 30 %) GC systems are also explained by the nonlinearity scenario,
assuming additional young or intermediate-age GCs with a number fraction of ∼ 20 % of underlying
old GCs. Our results reinforce the nonlinearity explanation for the GC color bimodality and provide
a new perspective on early-type galaxy formation in the cluster environment, such as the Virgo and
Fornax galaxy clusters.
Keywords: galaxies: clusters: individual (Virgo, Fornax) – galaxies: elliptical and lenticular, cD –
galaxies: evolution – galaxies: star clusters: general – globular clusters: general
1. Introduction
Most galaxies harbor a system of globular clusters
(GCs) that closely traces the formation history of its
host galaxy. GC systems predominantly exhibit bi-
modal color distribution functions (CDFs), and that
phenomenon has been a major topic in the field of the
extragalactic GC research (e.g., Ostrov et al. 1993; Zepf
& Ashman 1993; Gebhardt & Kissler-Patig 1999; Kundu
& Whitmore 2001; Larsen et al. 2001; Peng et al. 2006;
Lee et al. 2008; Jorda´n et al. 2009; Blakeslee et al. 2010;
Faifer et al. 2011; Forbes et al. 2011; Foster et al. 2011;
Liu et al. 2011; Blom et al. 2012; Chies-Santos et al.
2012; Cho et al. 2012; Forte et al. 2012; Kim et al. 2013;
Usher et al. 2013; Cantiello et al. 2014; Kartha et al.
2014, 2016; Richtler et al. 2015; Cho et al. 2016; Harris
et al. 2017, see also West et al. 2004; Brodie & Strader
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2006 for reviews and references therein). Understand-
ing the origin of the bimodal CDFs of extragalactic GC
systems should offer valuable constraints on the evolu-
tionary paths taken by their host galaxies.
The key assumption of GC formation scenarios in at-
tempts to explain GC color bimodality is the existence
of two GC subgroups with distinct mean metallicities.
These explanations invoke different origins for metal-
poor and metal-rich subgroups, including (a) the metal-
rich population is the product of major merging between
two gas-rich spiral galaxies (Toomre & Toomre 1972;
Ashman & Zepf 1992; Zepf & Ashman 1993; Whitmore
& Schweizer 1995; Miller et al. 1997); (b) the lower-
mass galaxies with metal-poor GCs are accreted onto
a massive galaxy (Muzzio et al. 1987; Coˆte´ et al. 1998,
2002; Hilker et al. 1999); and (c) multiphase dissipa-
tional collapse leads to the discrete metallicity groups of
GCs (Harris & Pudritz 1994; Forbes et al. 1997; Harris
et al. 1999; Santos 2003). A modern way to describe
the formation of early-type galaxies and their GC sys-
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tems, such as the two-phase formation scenario (Forbes
et al. 2011; Park & Lee 2013; Lee & Jang 2016; Beasley
et al. 2018, see also Oser et al. 2010), is more in line
with (b). Current hierarchical galaxy formation models
in the ΛCDM cosmology show that tens of thousands
of small (proto-)galaxies have been involved in making
one single galaxy. This is important because the great
degree of complexity seems to leave little room for the
existence of just two GC subpopulations in each galaxy.
An alternative explanation was proposed by Yoon
et al. (2006, hereafter Paper I), in which the nonlin-
ear metallicity-to-color conversion creates GC color bi-
modality even from a broad, unimodal metallicity dis-
tribution function (MDF), without invoking two distinct
GC subgroups within one galaxy. Paper I incorporates
a realistic treatment of core helium-burning, horizontal-
branch stars in stellar population modeling, and find
that nonlinearity is greatly enhanced by the inclusion of
such stars. Yoon et al. (2011b, Paper II) and Yoon et
al. (2013, Paper IV) demonstrated that the GC CDFs
vary systematically for GC samples in M87 (Paper II)
and M84 (Paper IV), respectively. Using their theoreti-
cal color–metallicity relations (CMRs), they reproduced
the CDF morphologies with different filter combinations
(u−g, u−z, and g−z), which are in good agreement with
the observations. Yoon et al. (2011a, Paper III) demon-
strated that by applying nonlinear color-to-metallicity
conversions, the inferred GC MDFs have skewed, broad
shapes and are remarkably similar to the MDF shapes of
halo field stars in their host galaxies, implying common
evolutionary histories between GCs and halo stars. Kim
et al. (2013, Paper V) and Kim & Yoon (2017, Paper
VII) showed that the diverse morphology of absorption-
line index (e.g., Hβ and Mg2) distributions for M31 GCs
(Paper V) and NGC 5128 GCs (Paper VII) can read-
ily be reproduced by nonlinear “index”–metallicity rela-
tions, exactly analogous to the nonlinear CMRs. Chung
et al. (2016, Paper VI) further extended these results
to the infrared Calcium II Triplet index (CaT) and pro-
posed the nonlinear CaT–metallicity relation as the ori-
gin of observed bimodal CaT distributions of GCs in 12
early-type galaxies.
In this paper of the series, we attempt to reproduce
quantitatively color distributions of individual GC sys-
tems in the ACS Virgo Cluster Survey (ACSVCS; Coˆte´
et al. 2004) and ACS Fornax Cluster Survey (ACSFCS;
Jorda´n et al. 2007). Our model shows that the major-
ity (∼ 70 %) of early-type galaxies have old (∼ 13 Gyr)
and coeval GCs. The remaining (∼ 30 %) galaxies are
readily reproduced by including additional intermediate-
age GCs. The paper is organized as follows. Section 2
describes the observational data set that we examined.
Section 3 presents our simulated CDFs of individual GC
systems and derives the best-fit parameters through the
Kolmogorov–Smirnov (K-S) analysis. In Section 4, we
examine the derived parameters for the GC systems as
functions of host galaxy luminosity. Section 5 investi-
gates the GC systems whose derived ages are younger
than the majority. Our interpretation of the GC CDFs
from the viewpoint of galaxy formation is given in Sec-
tion 6. Finally, we conclude in Section 7.
2. Data
The data used herein are from the ACSVCS (Jorda´n
et al. 2009) and ACSFCS (Jorda´n et al. 2015) GC cat-
alogs, which obtained GC photometry for a total of
143 early-type galaxies in the F475W and F850LP fil-
ters (hereafter g and z) using HST/ACS imaging. The
ACSVCS and ACSFCS provide the deepest and most
homogeneous photometric catalogs of extragalactic GC
systems so far. The galaxies span a wide luminosity
range (−15.1 < MB < −22.3). The morphologies of the
GC CDFs show great diversity. To avoid the small num-
ber statistics, we examine the galaxies with a number of
observed GCs,1 NGC, greater than 50, and our sample
consists of 78 galaxies (56 and 22 galaxies in the Virgo
and Fornax clusters, respectively). A caveat is that the
field of view (202′′ × 202′′) of the ACS/WFC only takes
in the GCs of the inner region for large galaxies, and
thus the GC lists for large galaxies do not fully repre-
sent their entire populations of GCs above the detection
limit.
3. Reproducing CDFs of Individual GC Systems
3.1. Modeling of GC Color Distributions
Our main goal is to test the nonlinear-CMR scenario
for the GC color bimodality of early-type galaxies. The
theoretical g − z CMRs are based on the Yonsei Evo-
lutionary Population Synthesis (YEPS) model. The
YEPS model is described in detail in Chung et al. (2013,
2017). To simulate GC CDFs, we generate the g − z
color distributions of 106 model GCs with various ages,
mean [Fe/H] (〈[Fe/H]〉), and dispersion (σ([Fe/H])). The
metallicity spread of a GC system is assumed to be a
Gaussian normal distribution. For the transformation
from MDFs to CDFs, we use the fifth-order polyno-
mial fit to the model data. For a realistic compari-
son, we apply the photometric error based on the ob-
served magnitude–error relations and luminosity func-
tions (Villegas et al. 2010) of the GC system of inter-
1 We use the GC candidates with pGC ≥ 0.5, where pGC is a
probability that a source is an actual GC. See Section 7 in Jorda´n
et al. (2009) for more details.
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Figure 1. Monte Carlo simulations of g− z color distributions for 106 model GCs. Left two columns: the simulated GC CDFs
according to the change of the mean metallicity and age. In the left column, the g − z CMRs (black solid lines) and the input
MDFs are shown. The mean metallicity spans from 〈[Fe/H]〉 = −1.2 (blue) to 〈[Fe/H]〉 = −0.2 (red) with equal [Fe/H] intervals
of 0.2 dex. The dispersion of MDFs is taken as a fixed value, σ([Fe/H]) = 0.55. In the right column, the same color code is used
for the histogram of the CDFs. Right two columns: the simulated GC CDFs according to the change of the σ([Fe/H]) and age.
In the left column, the mean metallicity of the MDFs is taken as a fixed value, 〈[Fe/H]〉 = −0.8. The dispersion of the MDFs
spans from σ([Fe/H]) = 0.45 (blue) to σ([Fe/H]) = 0.65 (red) by equal σ([Fe/H]) intervals of 0.05 dex. In the right column, the
same color code is used for the histogram of the CDFs.
est. Figure 1 presents our CDF models according to the
change of the input parameters. Table 1 summarizes the
input parameters of our simulations.
3.2. The Kolmogorov–Smirnov Test
To determine the best-fit parameters, the two-sample
K-S test is applied to the observed and modeled CDFs
within the parameter space of age, 〈[Fe/H]〉, and σ([Fe/
H]) (Table 1). Figure 2 shows an example of the best
model CDF, the observed CDF, and the K-S statistics
for the case of VCC 1316 (M87) that has the largest
GC sample. The right contour plot shows the p-value
from the K-S statistics when σ([Fe/H]) = 0.55 dex. One
can take a probability of p > 0.05 for the observed and
modeled CDFs being drawn from the same underlying
distributions.
3.3. Four Different Types of CDFs
Figure 3 presents our best model CDFs and the ob-
served CDFs for the whole galaxy sample (78 ACSVCS/
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Table 1. Input Parameters of Simulated Color Distribution Functions
Parameter Range Grid Interval
The age of a GC system, t (Gyr) 8.0 ∼ 15.0 0.1
The mean [Fe/H] of a GC system, 〈[Fe/H]〉GC (dex) −1.80 ∼ 0.80 0.05
The dispersion of [Fe/H] distribution, σ([Fe/H]) (dex) 0.45 ∼ 0.65 0.05
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Figure 2. Monte Carlo simulation of the g − z color distribution for the case of the VCC 1316 (M87) GC system. Top left
panel: the (g − z)–[Fe/H] relation and assumed GC metallicity distributions of our best model. Second left panel: the g − z
color distribution of 106 model GCs, which is transformed from the assumed MDF using the theoretical relation shown in the
left top panel. Third left panel: the observed g − z color histogram for 1745 GCs belonging to VCC 1316. The black line is a
smoothed histogram with a Gaussian kernel with σ(g − z) = 0.06. Bottom left panel: the K-S test for the model CDF against
the observed CDF. The blue and black curves represent the cumulative function of the best modeled and the observed CDFs,
respectively. The difference between the red lines shows the K-S statistic D. Right panel: the p-value contour plot of the K-S
probability in the age–[Fe/H] plane with the color scale from white to black for increasing K-S probability. The red star marks
the location of the highest probability.
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FCS galaxies) in order of NGC. With the exception of
FCC 21, the p-values of the best-fit models for all the
GC systems are greater than 0.05, implying the mod-
eled CDFs reproduce the observed CDFs successfully.
Table 2 presents the GC simulation result, along with
the basic information on the host galaxies.
A closer look at Figure 3 suggests that the GC CDFs
can be classified into four different types based on two
factors. The first factor is the number ratio of the blue
and red GCs, which have a large effect on the over-
all shape of the CDFs. To derive the number ratio of
the blue and red GCs, we apply the Gaussian Mixture
Modeling (GMM) code by Muratov & Gnedin (2010).
We classify the CDFs into Types 1 and 2 using the red
GC fraction (f red) in the g − z color distributions, and
f red = 0.3 divides the entire galaxy sample into halves.
The second factor is a model-derived parameter, the
best-fit age, which enables more detailed classification
of the CDFs. The best-fit age used for dividing the sub-
groups, a and b, is 11 Gyr. We suspect that the galax-
ies classified as the subgroup b (i.e., tbest-fit < 11 Gyr)
possess additional intermediate-age GCs, weakening the
bimodality made by the underlying old GCs. Table 3
gives the classifying criteria and the mean values of the
model-derived parameters for each type.
Figure 4 shows the representative GC systems for the
four GC CDF types (Types 1a, 1b, 2a, and 2b). Type 1a
is the most common GC CDF type and has a clear bi-
modal distribution with well-developed two peaks. Most
luminous galaxies (MB . −19) favor this type, and
VCC 1316 (M87) and VCC 1226 (M49) show the repre-
sentative GC CDFs of this type. For the case of Type
1b, two distinct peaks are not prominent. Compared
to Type 1a, the distance between two peaks is shorter
and the dip is less clear and shallower. VCC 798 and
VCC 1632 show the typical GC CDF shapes of this
type. This type is also found preferentially in luminous
(MB . −19) galaxies. On the other hand, Type 2a is
the second most common GC CDF type and has a domi-
nant blue peak along with a broad red mound (e.g., VCC
1297) or a red tail (e.g., VCC 1303). This type is typi-
cally found in less luminous (MB & −19) galaxies. For
the case of Type 2b, their CDFs have a blue peak but
do not have additional structures such as a red mound
or a red tail as seen in Type 2a. The blue peak is less
cuspy than Type 2a. Thus, the overall shape of this
type is a fat, skewed unimodal distribution. This type
is also found preferentially in less luminous (MB & −19)
galaxies.
The lower part of Figure 4 shows the p-value con-
tours for the four types in the age–〈[Fe/H]〉 plane for
different assumptions of σ([Fe/H]). The contour plots
for the whole galaxy sample are given in Figure 7 in the
Appendix. The contours of the K-S statistics are often
stretched along the age axis, with narrow width along
the [Fe/H]-axis. This indicates that our K-S test is able
to place a stronger constraint on the mean metallicity
of given GC systems than the age. From the p-value
contours, one can find two important elements that pin
down the age of a GC system. The first element is the
strength of the bimodality of the color distribution. Our
GC CDF model predicts that the positions of two peaks
and a dip are highly sensitive to the age of the GC sys-
tem (see Figure 1). The dip position in color corresponds
to the quasi-inflection point along the CMR (Paper I)
and becomes redder with increasing age. As a result, the
K-S statistics better determine the age if an observed
CDF has clear bimodality and a well-shaped dip. The
other element is the total number of observed GCs. The
larger the sample sizes, the more compact the p-value
contours. The Type 1a galaxies with high luminosity
are well suited to these conditions and exhibit compact
p-value contours compared to other types.
When it comes to Type 2a, the sharp blue peak is one
of the most distinguishing features of this type. Since
the sharp blue peak is generated by the steep slope of
old CMRs, the contour converges to an old age (11∼ 15
Gyr). Some Type 2a CDFs that have only a feeble red
tail show diagonal contours in the age range of 12∼ 14
Gyr (e.g., VCC 1025, VCC 1475, VCC 1431, VCC 1303,
and FCC 170), undergoing the age–metallicity degener-
acy (see Figure 7 in the Appendix). Weak red tails occur
when the mean metallicity is so low (〈[Fe/H]〉 < −1.3)
that only a few red GCs are present. In such cases,
the quasi-inflection point of the CMR hardly affects the
CDF shapes and thus accuracy in age dating becomes
low. For instance, the 12 Gyr, 〈[Fe/H]〉 = −1.3 model
and the 14 Gyr, 〈[Fe/H]〉 = −1.8 model have similar
GC CDFs, with a sharp blue peak with a feeble red
tail. This uncertainty in age, however, does not affect
our type classification. Note also that Type 2a galaxies
are relatively less luminous galaxies and have a small
number of GCs, thus the confidence contours are rather
broad.
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Figure 3. The comparison of simulated g−z distributions of GCs with observations for 78 ACSVCS and ACSFCS galaxies with
NGC > 50. First, fourth, and seventh rows: the color-to-metallicity relations and metallicity distribution functions. The black
lines and blue curves show the (g− z)–[Fe/H] relation and assumed GC metallicity distributions of our best model, respectively.
The best-fit age, mean [Fe/H], and dispersion of MDFs are denoted. Second, fifth, and eighth rows: the model CDFs. The blue
curves show the g − z CDFs of our best models for individual galaxies. Third, sixth, and ninth rows: the observed CDFs. The
Black curves show the Gaussian kernel density estimations with σ(g − z) = 0.06 for gray histograms. The VCC name and the
total number of observed GCs are denoted.
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Figure 3. Continued
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While Types 1a and 2a have the characteristics of the
old CDF models (i.e., clear bimodality of Type 1a and
a sharp blue peak of Type 2a), Types 1b and 2b do
not have such distinct morphological features. Thus,
Types 1b and 2b have a relatively younger best-fit age
(8 ∼ 11 Gyr), and the age variation due to the different
choice of σ([Fe/H]) is larger than that of Types 1a and
2a. In other words, there is quite a bit of degeneracy
between three parameters (age, 〈[Fe/H]〉, and σ([Fe/H]))
for Types 1b and 2b. Even with similar NGC, the p-
value contours are less compact compared to Types 1a
and 2a, indicating that the assumption of old and coeval
GCs may not hold for Types 1b and 2b. We attempt to
address the nature of Types 1b and 2b in Section 5.
4. The Derived Parameters as Functions of Host
Galaxy Properties
4.1. Best-fit Parameters and Galaxy Luminosity
Figure 5 shows the best-fit age, 〈[Fe/H]〉, and σ([Fe/
H]) of the entire GC systems as functions of the host
galaxy luminosity. The best-fit age does not show a clear
correlation with the host luminosity. The distribution of
the best-fit age can be broken into two groups at 11 Gyr,
above which the g − z CMRs are highly inflected (see
Figure 1). A detailed explanation for the galaxies with
a model-derived age less than 11 Gyr is given in Section
5. Unlike the best-fit age, the best-fit 〈[Fe/H]〉 shows a
tight correlation with the host galaxy luminosity. The
derived MB–〈[Fe/H]〉 slope for the whole galaxy sample
is −0.094±0.015, while the slope excluding the galaxies
with tbest-fit < 11 Gyr is −0.108 ± 0.019. The best-fit
σ([Fe/H]) distribution has no obvious correlation with
the host luminosity.
We note that the ACSVCS and ACSFCS data have a
limitation in radial coverage for large galaxies due to the
small field of view of ACS/WFC. For instance, ACS/
WFC covers only the inner region (∼ 1Reff) of VCC
1316 (M87), the largest galaxy in our sample. The mean
metallicity of GCs is known to be higher in the inner re-
gion (e.g., Geisler et al. 1996; Kundu et al. 1999; Forte
et al. 2001; Harris 2009; Blom et al. 2012; Forbes & Re-
mus 2018). Thus, for some very large galaxies the mean
metallicity of observed GCs is determined to be higher
than their mean metallicity for all the GCs. However,
most of our sample galaxies are fairly covered by the
ACS/WFC field of view (see Figure 2 in Wang et al.
2013) and that limitation does not have a significant ef-
fect on the overall trend of the MB–〈[Fe/H]〉 relation.
Moreover, observations of the color bimodality of GC
systems in early-type galaxies reveal that the red GC
fraction gets higher with host galaxy luminosity. The
faintest galaxies in ACSVCS on average have a 15 %
fraction of red GCs, and the fraction increases to 60 %
for the brightest galaxies (Peng et al. 2006). Hence, the
main driver behind the MB–〈[Fe/H]〉 relation is most
likely this changing fraction of red GCs rather than the
field of view bias of ACS/WFC.
4.2. Best-fit Parameters and Galaxy Morphological
Type
In the top panel of Figure 5, the best-fit age derived
from our GC color distribution model shows no differ-
ence depending on the morphological types (E vs. S0)
of the host galaxies. About 30 % among both E and S0
galaxies are identified as tbest-fit < 11 Gyr; 33 % for E
galaxies and 29 % for S0 galaxies. In the middle panel,
the best-fit 〈[Fe/H]〉 of both E and S0 galaxies increases
as the host galaxy luminosity increases. The slope of the
relation for the E galaxies (−0.079 ± 0.018) is slightly
shallower than that of the S0 galaxies (−0.113± 0.027).
In the bottom panel, the mean σ([Fe/H]) of both E and
S0 galaxies shows almost the same value (∼0.54).
Chies-Santos et al. (2011) estimated the ages of the
GC systems in 14 E/S0 galaxies from the (g − k) vs.
(g − z) diagram, and found that their S0 galaxies, com-
pared to the E galaxies, have preferentially younger blue
GCs. The discrepancy in the GC age vs. galaxy mor-
phology relations between Chies-Santos et al. and ours
seems to be due to the different choices of age estima-
tion method. Moreover, the galaxy morphological clas-
sification depends fairly on references even for such well-
studied nearby galaxies. For instance, VCC 1978 (M60),
a galaxy without young GCs in both studies, is classi-
fied as E in the Third Reference Catalogue of Bright
Galaxies (RC32) (de Vaucouleurs et al. 1991) but as S0
in the Revised Shapley-Ames Catalog of Bright Galaxies
(RSA3) (Sandage & Tammann 1981). VCC 2000 (NGC
4660), a galaxy with young GCs in Chies-Santos et al.
but old GCs only in ours, is classified as E in the RC3
and RSA as well as Emsellem et al. (2007) and Cappel-
lari et al. (2007), but as S0 in Kormendy et al. (2009).
5. GC Systems with tbest-fit < 11 Gyr
5.1. Dilution of Bimodality
In Figure 5, the GC systems can be divided into two
groups; old (11 ∼ 15 Gyr) and relatively younger (< 11
Gyr) systems. The best-fit ages of the GC systems in 24
galaxies (out of 78 galaxies) are estimated to be younger
than 11 Gyr. The model fails to reproduce FCC 21’s ob-
served CDF. Thus, a total of 25 galaxies (∼ 30 %) among
our sample do not fit into our old (> 11 Gyr) and coeval
2 https://heasarc.nasa.gov/W3Browse/all/rc3.html
3 https://ned.ipac.caltech.edu/level5/Shapley Ames/frames.html
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Table 3. Classification of Color Distribution Function Types and Mean Values of the Simulated Parameters for
Each Type
Type Selection Criteria NGal Age 〈[Fe/H]〉 σ([Fe/H]) N(S0)/N(E)
(Gyr) (dex)
(1) (2) (3) (4) (5) (6) (7)
Type 1a tbest-fit > 11 Gyr, fred > 0.3 28 12.5±0.09 –0.84±0.026 0.54±0.013 1.00
Type 1b tbest-fit ≤ 11 Gyr, fred > 0.3 13 9.3±0.27 –0.83±0.038 0.54±0.017 0.86
Type 2a tbest-fit > 11 Gyr, fred ≤ 0.3 26 13.5±0.13 –1.22±0.035 0.56±0.015 1.60
Type 2b tbest-fit ≤ 11 Gyr, fred ≤ 0.3 11 9.1±0.18 –1.03±0.038 0.51±0.022 1.20
Note—(1) GC CDF type. (2) Selection criteria. f red is the red GC fraction in the g − z color dis-
tributions. In the GMM model, the homoscedastic case is adopted to derive f red. (3) The number
of galaxies belonging to each type. (4) The mean value of the best-fit ages. (5) The mean value of
the best-fit 〈[Fe/H]〉. (6) The mean value of the best-fit MDF dispersions. (7) The number ratio of
lenticular galaxies to elliptical galaxies
assumption. There are two ways to interpret these GC
systems. First, one can simply accept the result as it is:
that GCs in each galaxy are younger than 11 Gyr, with
coeval formation epochs. Indeed, the match between the
younger model CDFs and the observed CDFs is fairly
good (p-value > 0.05). But there is another possibil-
ity: the GC systems have newly formed GC populations
along with the underlying old GCs. There are many
galaxies possessing young or intermediate-age GC pop-
ulations suggested by spectroscopy (e.g., Goudfrooij et
al. 2001; Larsen et al. 2003; Strader et al. 2003; Beasley
et al. 2008; Woodley et al. 2010; Ko et al. 2018; Sesto
et al. 2018) and UV or IR photometry (e.g., Puzia et
al. 2002; Sohn et al. 2006; Hempel et al. 2007; Chies-
Santos et al. 2011; Georgiev et al. 2012; Trancho et al.
2014). Even with young or intermediate-age GCs, how-
ever, the galaxies are dominated by old (& 10 Gyr) GCs.
While our old systems (Types 1a and 2a) show typical
CDF shapes, the younger systems (Types 1b and 2b)
show broad unimodal shapes in their CDFs (see Figures
3 and 4). We suspect that such “diluted” bimodality
is the result of contamination of underlying, old CDFs
(i.e., Types 1a and 2a) by young or intermediate-age
GCs.
5.2. Notes on Galaxies Presumably Containing
Younger GCs
One of the most common sources of new stellar pop-
ulations is mergers. Peculiar morphological structures
(e.g., tidal tails, shells, kinematically decoupled cores,
and isophotal twist) can be interpreted as a remnant of
recent mergers (e.g., Toomre & Toomre 1972; de Zeeuw
& Franx 1991; Barnes 1992; Mehlert et al. 1998; Naab
& Burkert 2003; Li et al. 2004; Moore et al. 2004; Smith
et al. 2008; Hoffman et al. 2009, 2010; Knierman et al.
2012; Torres-Flores et al. 2012). In the following, we
briefly discuss the observational work in the literature
on galaxies with tbest-fit < 11 Gyr, focusing on possible
vestiges of their recent mergers and/or star formation.
VCC 798 (NGC 4382). The morphological feature of
this lenticular galaxy shows that it experienced a recent
merger (Ko et al. 2018). This galaxy shows possible
dust patches and likely hosts a stellar disk (Ferrarese et
al. 2006). Terlevich & Forbes (2002) estimated the age
of VCC 798 based on the Hβ and [MgFe] indices. Its
luminosity-weighted age, 1.6 Gyr, points to recent star
formation. Ko et al. (2018) estimated the spectroscopic
ages of 20 GCs with the Gemini Multi-Object Spectro-
graph. Among their sample GCs, 11 GCs are classified
as an intermediate-age population (∼3.7 Gyr).
VCC 1632 (NGC 4552). This lenticular galaxy is
well known for its active galactic nucleus (Cappellari et
al. 1999) and nuclear outflow activity (Machacek et al.
2006). Machacek et al. (2006) found a gas-stripping fea-
ture in the galaxy’s interstellar medium with a Chandra
observation.
VCC 881 (NGC 4406). This lenticular galaxy has a
dust trail in the central region that is considered to be
due to ram-pressure-stripping by its companion VCC
882 (Elmegreen et al. 2000). The Hα feature produced
by a collision with NGC 4438 (Kenney et al. 2008) and a
ram-pressure-stripped tail against the Virgo intracluster
medium (Randall et al. 2008) are also reported. Park
et al. (2012) estimated the spectroscopic age of 8 GCs
with the Faint Object Camera and Spectrograph on the
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Figure 4. First two rows: the four types of GC CDF morphologies. The simulated g − z distributions are compared with the
representative observations. (First row): the blue histograms are the g− z CDFs of our best models. The metallicity dispersion
of the best model is denoted. (Second row): the observed g − z CDFs for four types of CDFs. The blue and red lines are the
Gaussian fits from the GMM test for the homoscedastic case. Cyan lines represent the sums of the blue and red lines. The
Gaussian kernel density estimations (black solid lines) are the same as in Figure 2. Bottom five rows: the effect of differing
σ([Fe/H]). The confidence contours for age and 〈[Fe/H]〉, based on the K-S test between models and observations. The blue
stars show the best-fit age and best-fit 〈[Fe/H]〉 for each case of σ([Fe/H]). The red stars represent the best-fit age and 〈[Fe/H]〉,
which are finally selected using σ([Fe/H]) as a free parameter. The contour levels are the same as in Figure 1.
Subaru telescope. The estimated mean age of eight GCs
is reported to be 9.7 Gyr.
VCC 1231 (NGC 4473). This elliptical galaxy is well
known for its kinematically distinct components, namely
double peaks in the velocity dispersion map. The galaxy
shows peculiarities in both its kinematical and pho-
tometrical data, which could originate from a recent
merger (Pinkney et al. 2003). The spectroscopic result
by Koleva et al. (2011) shows that the central part of
this galaxy consists of younger and more metal-rich stel-
lar populations compared to the outer part. Alabi et al.
(2015) suggested that GCs follow peculiar stellar kine-
matics, which is evidence of a gas-rich major merger
event.
VCC 1279 (NGC 4478). This elliptical galaxy contains
a kinematically decoupled core (Halliday et al. 2001;
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Figure 5. Best-fit age (top), best-fit 〈[Fe/H]〉 (middle), and
best-fit σ([Fe/H]) (bottom) as a function of the host galaxy
luminosity. The circles and triangles represent elliptical and
lenticular galaxies, respectively. In the top panel, the hori-
zontal dotted line at 11 Gyr defines the demarcation between
old and old + young GC systems. The red (Type 1a) and vi-
olet (Type 2a) symbols represent the old GC systems (> 11
Gyr), while the blue (Type 1b) and light blue (Type 2b) ones
denote the old + young GC systems (< 11 Gyr). In the mid-
dle panel, the linear fit to all the galaxies is marked as a black
solid line. The red and green dashed lines represent the lin-
ear fit to elliptical and lenticular galaxies, respectively. E/S0
and S0/E type galaxies in Table 2 are dealt with as lenticular
galaxies. FCC 21 with p(K−S) < 0.05 is overplotted as an
asterisk and excluded from the fit.
Emsellem et al. 2007) and a nuclear stellar disk (Morelli
et al. 2004, 2010; Ledo et al. 2010). The nuclear disk is
younger (∼ 6 Gyr), more metal-rich ([Z/H]∼ 0.4), and
less α-enhanced ([α/Fe]∼ 0.2) than the main body of
the host galaxy, supporting a prolonged star formation
history (Morelli et al. 2010).
VCC 2095 (NGC 4762). This edge-on lenticular
galaxy shows an unusual internal structure that con-
sists of four distinct components (Wakamatsu & Ham-
abe 1984; Hamabe & Wakamatsu 1989; Kormendy &
Kennicutt 2004). Wakamatsu & Hamabe (1984) pre-
sumed that the four components are the bulge, bar,
lens, and outer ring. The galaxy shows an extremely
small bulge-to-total light ratio (B/T = 0.13± 0.02) as a
S0 galaxy. Kormendy & Bender (2012) suggested that
this late-type S0 galaxy bridges the gap between S0 and
spheroidal galaxies.
VCC 698 (NGC 4352). This lenticular galaxy has both
small-scale and large-scale stellar disks (Ferrarese et al.
2006). Based on the spectroscopic data, the bulge ap-
pears to be younger and more metal-rich than the outer
part (Johnston et al. 2014).
VCC 1938 (NGC 4638). This edge-on lenticular
galaxy is a disk-dominated system (Barway et al. 2007).
Kormendy & Bender (2012) viewed it as a “missing
link” between S0s and spheroidals like VCC 2095. They
suggested that the galaxy was created from a late-type
galaxy by dynamical heating due to surrounding galax-
ies.
VCC 1883 (NGC 4612). This lenticular galaxy has a
bar, a ring, and an isophotal twist. The bar shows mis-
alignment with the main body of the galaxy (Ferrarese
et al. 2006).
VCC 778 (NGC 4377). This lenticular galaxy shows
an isophotal twist due to the misaligned bar. There are
three spiral galaxies that are regarded as a background
group (Ferrarese et al. 2006). Thus, there is a possibility
that its GC color distribution is contaminated by GCs
in the background galaxies.
VCC 1087 (IC 3381). The luminosity-weighted age
of this dwarf elliptical galaxy is estimated to be 5∼ 7
Gyr (Beasley et al. 2006; Michielsen et al. 2008; Toloba
et al. 2012).
VCC 1619 (NGC 4550). This lenticular galaxy har-
bors two counter-rotating disks (Coccato et al. 2013)
and shows emission lines (Sarzi et al. 2006). The galaxy
also has a peculiar dust distribution that looks like a
spiral arm structure (Wiklind & Henkel 2001).
VCC 1125 (NGC 4452). This is an edge-on lentic-
ular galaxy. Kormendy & Bender (2012) showed that
the galaxy has an extremely low pseudo-bulge-to-total
luminosity ratio (= 0.017 ± 0.004) and a warped outer
disk that seems to stem from gravitational encounters.
They also showed that the galaxy consists of five stellar
components like VCC 2095. The luminosity-weighted
mean age using higher-order Balmer absorption lines is
∼ 5 Gyr (Caldwell et al. 2003).
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VCC 1910 (IC 809). This dE or Sph,N type
galaxy (Kormendy et al. 2009) shows a possible disk fea-
ture (Lisker et al. 2006). The luminosity-weighted mean
age based on spectroscopy is 7.5∼ 9 Gyr (Michielsen et
al. 2008; Toloba et al. 2014).
FCC 21 (NGC 1316). This is the only galaxy for which
our coeval model does not mimic the CDF. The galaxy
is lenticular and well known for its recent merger fea-
ture (Schweizer 1980; Horellou et al. 2001) and the pres-
ence of intermediate-age GCs (Goudfrooij et al. 2001;
Sesto et al. 2018). The tidal tails, loops, and arms are
extended out to 54′′ and lots of dust structures are vis-
ible in the central region (Schweizer 1980).
FCC 276 (NGC 1427). This elliptical galaxy has
a kinematically decoupled core in the central region
(∼ 7′′) (Scott et al. 2014).
NGC 1340 (a.k.a. NGC 1344). This elliptical
galaxy shows a clear shell structure in the V -band im-
age (Huang et al. 2013).
FCC 249 (NGC 1419). This E0 galaxy has anoma-
lously bright KS-band surface brightness fluctua-
tion (Liu et al. 2002), which can be induced by recent
star formation.
Among 24 galaxies with tbest-fit < 11 Gyr plus FCC
21, seven galaxies (VCC 944, VCC 1146, VCC 1913,
VCC 2092, FCC 47, FCC 63, and IC 2006) lack the ob-
servational data in the literature needed to grasp the
characteristics of their morphologies or stellar popula-
tions.
5.3. Two-component Model for the GC Systems with
tbest-fit < 11 Gyr
Given that most galaxies with tbest-fit < 11 Gyr
(namely, Type 1b and 2b galaxies) seem to have ex-
perienced recent mergers and/or star formation, we hy-
pothesize that their “diluted” bimodality is due to con-
tamination of old GC CDFs (i.e., Types 1a and 2a) by
young (or intermediate-age) GCs. We further surmise
that Types 1b and 2b are respectively nothing but Types
1a and 2a with additional young GCs. In order to test
whether additional younger GC populations are the ori-
gin of Types 1b and 2b CDFs, we have performed two-
component (old GCs + young GCs) model simulations.
Figure 6 shows the simulated CDFs for VCC 798 and
VCC 1938, the representative examples of Types 1b and
2b, respectively. As mentioned in Section 5.2, Ko et al.
(2018) estimated the spectroscopic ages and metallici-
ties of 20 GCs in VCC 798 (M85). Out of 20 GCs, 11
are classified as young GCs and their mean age is mea-
sured to be 3.7 ± 1.9 Gyr with 〈[Fe/H]〉 = −0.26. We
adopt these values in modeling the young GCs of VCC
798, as well as VCC 1938 (due to lack of spectroscopic
data on VCC 1938 GCs). The young GCs on top of the
old GCs tend to weaken bimodality (of Type 1a) and
reduce the sharpness of blue peaks (of Type 2a), bring-
ing the theoretical predictions in good agreement with
the observations. It is highly likely that Types 1b and
2b are the results of adding a young or intermediate-age
GC population to Types 1a and 2a CDFs, respectively.
For better assessment of young or intermediate-age GC
populations, further spectroscopic observations for the
GC systems are badly needed.
6. Discussion
Among 78 early-type galaxies (with NGC> 50) in
ACSVCS and ACSFCS, 53 galaxies (∼ 70 %) have GC
color distributions that can be well reproduced by old
(tbest-fit > 11 Gyr) and coeval model CDFs (Types 1a
and 2a). We have shown that the bimodal color distri-
butions of Types 1a and 2a are attributed to the nonlin-
ear metallicity-to-color conversion of GCs. The differ-
ence in Types 1a and 2a is simply due to the difference
in the mean GC metallicity, in that Type 1a is more
metal-rich than Type 2a. On the other hand, our ex-
periment has suggested that for ∼ 30 % of the sample,
young or intermediate-age GCs contaminate the color
distribution of underlying old GCs, diluting the color
bimodality (of Type 1a) or broadening blue peaks (of
Type 2a). We suggest that Types 1b and 2b are re-
spectively nothing but Types 1a and 2a with additional
young or intermediate-age GCs.
Our simulations show that for most Types 1b and
2b galaxies, young or intermediate-age GCs in a galaxy
comprise ∼ 20 % of underlying old GCs in number. This
is ∼ 17 % (= 20/120) with respect to the total number
of (old + young) GCs. If ∼ 30 % of galaxies host ∼ 17 %
of young GCs, the number fraction of the young GCs
is as low as ∼ 5 % of the total GCs of the entire galaxy
sample. This is why the ACSVCS CDFs for GCs in the
seven bins of host galaxy luminosity (Peng et al. 2006)
are successfully reproduced under the assumption of no
young GCs but old, coeval GCs (see Figure 3 in Paper
I).
Our methodology usually classifies CDFs as Type 1b
or 2b if there are additional young or intermediate-age
GCs comprising more than ∼ 10 % of old GCs. For addi-
tional GCs less than ∼ 10 %, our classification scheme is
less reliable. For instance, VCC 731 (NGC 4365), which
is reported to host an additional GC population (Larsen
et al. 2003; Brodie et al. 2005; Kundu et al. 2005; Blom
et al. 2012), is classified as Type 1a in our model (Table
2). The observed CDF shows that its dip is slightly shal-
lower than other Type 1a galaxies. The best-fit σ([Fe/
H]) and age of this galaxy are 0.45 and 12.5 Gyr, re-
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Figure 6. Two-component model simulations for the GC systems with representative CDFs of Types 1b and 2b, VCC 798
and VCC 1938, respectively. Top panels: purple and green solid lines show the (g − z)–[Fe/H] relations of the first (old) and
the second (young) GC populations, respectively. The assumed GC metallicity distributions are presented by two Gaussian
functions on the y-axis. σ([Fe/H]) of the first GC populations of both VCC 798 and VCC 1938 is assumed to be 0.55. σ([Fe/H])
of the second GC populations is assumed to 0.2 for both galaxies. The number fraction of the second GC populations is set
to be 20 % of the first GC populations. The mean metallicities and ages used in the simulations are denoted in parentheses.
Middle panels: the simulated GC CDFs; the purple and green histograms correspond to the first and second GC populations,
respectively. Bottom panels: the observed GC CDFs of VCC 798 and VCC 1938. The Gaussian kernel density estimations with
σ(g − z) = 0.06 are shown by black solid lines.
spectively, but if σ([Fe/H]) is set to > 0.5, K-S statistics
prefer a younger (< 11 Gyr) CDF model (see Figure 7).
This phenomenon is caused by the fact that both the
smaller σ([Fe/H]) and the fill-in of additional GCs alike
make the dip of a CDF shallower. Thus, some Type 1a
galaxies whose best-fit σ([Fe/H]) values are smaller than
0.5 might contain some (< 10 %) young or intermediate-
age GCs.
There exist some GC systems that exhibit CDFs with
two strong peaks with only a few (if any) GCs in be-
tween. Good examples are NGC 3115 (Brodie et al.
2012) in isolation and NGC 1387 and NGC 1404 near
NGC 1399 in the Fornax cluster (Kim et al. 2013). Their
CDFs are also characterized by red GCs that are more
abundant than other galaxies with similar luminosity.
Our sample contains some galaxies showing an unusu-
ally high red GC fraction for their luminosities and 〈[Fe/
H]〉 (e.g., VCC 1146, FCC 167, FCC 184 = NGC 1387,
and FCC 219 = NGC 1404). The strong bimodality
with few GCs in between and/or the unusually high red
GC fraction may point to metal-rich GCs created by
heavy star formation after metal-poor GCs were gener-
ated earlier on. This seems consistent with the predic-
tion by the two-phase galaxy formation scenario, in that
in low-mass galaxies, star formation is often prolonged
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at a significant level toward lower redshift (see Figure 6
in Oser et al. 2010).
Even with the upcoming large telescopes, it is ex-
tremely challenging for spectroscopic observations to
quantify the number of young or intermediate-age GCs
with respect to underlying, old GCs. We hence antic-
ipate that systematic analyses of the “dilution” effect
of GC CDFs, equipped with precise knowledge on the
shape of the GC CMRs, will become a vital tool for ex-
amining the star formation histories of external galaxies
beyond the Virgo and Fornax clusters of galaxies.
7. Conclusion
We have simulated individual g− z CDFs for GC sys-
tems of 78 early-type galaxies in Virgo and Fornax clus-
ters using the YEPS model (Chung et al. 2013). The GC
CDFs are from the GC catalogs by ACSVCS (Jorda´n et
al. 2009) and ACSFCS (Jorda´n et al. 2015). The main
results of this study are as follows:
1. The HST g − z color distributions of the major-
ity (∼ 70 %) of GC systems are naturally repro-
duced by the nonlinear metallicity-to-color con-
version under the simple assumption of the pres-
ence of old (> 11 Gyr), coeval GCs. We refer
to them as Types 1a and 2a. The variation of
the GC CDFs stems from systematic differences
in the mean metallicity of GC systems, in that
more luminous galaxies (mostly Type 1a) possess
more metal-rich GC systems than less luminous
galaxies (mostly Type 2a).
2. The other GC systems (∼ 30 %) show CDFs that
can be best reproduced by the two-component (old
GCs + young GCs) model. We refer to them as
Types 1b and 2b. Most of the galaxies which host
GC systems with tbest-fit < 11 Gyr show signs
of mergers and/or star formation. These galaxies
most likely have additional young or intermediate-
age GCs, which alter the color distributions of un-
derlying, old GCs. Types 1b and 2b are suggested
to be the variants of Type 1a and 2a, respectively.
3. There is a strong, positive correlation between the
mean metallicity and the host galaxy luminosity,
as also reported by other studies (e.g., Peng et al.
2006). The best-fit age and metallicity dispersion
of GCs show no obvious correlation with the host
galaxy luminosity.
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APPENDIX
This Appendix presents the impact of differing σ([Fe/H]) on the determination of the best-fit age and 〈[Fe/H]〉.
Figure 7 shows the p-value contour plots for the whole galaxy sample.
8 10 12 14
Age (Gyr)
−1.5
−1.0
−0.5
0.0
0.5
<
[Fe
/H
]>
       
σ([Fe/H])=  0.45
D=  0.0454
p=  0.0016
−1.5
−1.0
−0.5
0.0
0.5
<
[Fe
/H
]>
       
σ([Fe/H])=  0.50
D=  0.0264
p=  0.1801
−1.5
−1.0
−0.5
0.0
0.5
<
[Fe
/H
]>
       
σ([Fe/H])=  0.55
D=  0.0204
p=  0.4685
−1.5
−1.0
−0.5
0.0
0.5
<
[Fe
/H
]>
       
σ([Fe/H])=  0.60
D=  0.0346
p=  0.0321
−1.5
−1.0
−0.5
0.0
0.5
<
[Fe
/H
]>
       
σ([Fe/H])=  0.65
D=  0.0223
p=  0.3581
VCC 1316
8 10 12 14
Age (Gyr)
σ([Fe/H])=  0.45
D=  0.0260
p=  0.5722
σ([Fe/H])=  0.50
D=  0.0263
p=  0.5552
σ([Fe/H])=  0.55
D=  0.0280
p=  0.4774
σ([Fe/H])=  0.60
D=  0.0278
p=  0.4870
σ([Fe/H])=  0.65
D=  0.0408
p=  0.0971
VCC 731
8 10 12 14
Age (Gyr)
σ([Fe/H])=  0.45
D=  0.0505
p=  0.0326
σ([Fe/H])=  0.50
D=  0.0335
p=  0.3243
σ([Fe/H])=  0.55
D=  0.0256
p=  0.6667
σ([Fe/H])=  0.60
D=  0.0370
p=  0.2186
σ([Fe/H])=  0.65
D=  0.0349
p=  0.2784
VCC 1978
8 10 12 14
Age (Gyr)
σ([Fe/H])=  0.45
D=  0.0502
p=  0.0421
σ([Fe/H])=  0.50
D=  0.0374
p=  0.2328
σ([Fe/H])=  0.55
D=  0.0284
p=  0.5683
σ([Fe/H])=  0.60
D=  0.0343
p=  0.3282
σ([Fe/H])=  0.65
D=  0.0348
p=  0.3125
VCC 1226
8 10 12 14
Age (Gyr)
σ([Fe/H])=  0.45
D=  0.0304
p=  0.7337
σ([Fe/H])=  0.50
D=  0.0277
p=  0.8278
σ([Fe/H])=  0.55
D=  0.0226
p=  0.9564
σ([Fe/H])=  0.60
D=  0.0355
p=  0.5411
σ([Fe/H])=  0.65
D=  0.0497
p=  0.1600
VCC 798
8 10 12 14
Age (Gyr)
σ([Fe/H])=  0.45
D=  0.0322
p=  0.6684
σ([Fe/H])=  0.50
D=  0.0255
p=  0.8946
σ([Fe/H])=  0.55
D=  0.0382
p=  0.4482
σ([Fe/H])=  0.60
D=  0.0446
p=  0.2629
σ([Fe/H])=  0.65
D=  0.0519
p=  0.1286
VCC 763
8 10 12 14
Age (Gyr)
σ([Fe/H])=  0.45
D=  0.0405
p=  0.4367
σ([Fe/H])=  0.50
D=  0.0332
p=  0.6925
σ([Fe/H])=  0.55
D=  0.0396
p=  0.4686
σ([Fe/H])=  0.60
D=  0.0295
p=  0.8188
σ([Fe/H])=  0.65
D=  0.0378
p=  0.5273
VCC 1632
8 10 12 14
Age (Gyr)
σ([Fe/H])=  0.45
D=  0.0370
p=  0.6894
σ([Fe/H])=  0.50
D=  0.0243
p=  0.9812
σ([Fe/H])=  0.55
D=  0.0310
p=  0.8693
σ([Fe/H])=  0.60
D=  0.0468
p=  0.3922
σ([Fe/H])=  0.65
D=  0.0553
p=  0.2070
VCC 881
Figure 7. The effect of differing σ([Fe/H]). Each column presents the confidence contours for age and 〈[Fe/H]〉 based on the
K-S test between models and observations for each galaxy. Each row shows the results for σ([Fe/H]) being 0.65, 0.60, 0.55, 0.50,
and 0.45 dex (from top to bottom). The quantities of D and p-value for each case of σ([Fe/H]) are also labeled. The contour
levels are the same as those in Figure 1. The blue stars show the best-fit age and 〈[Fe/H]〉 for each case of σ([Fe/H]). The red
stars represent the best-fit age and 〈[Fe/H]〉 for the best-fit σ([Fe/H]).
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